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T racking physiological changes in skeletal muscle thickness is a direct and unbiased approach in screening for therapies that prevent myotube atrophy. aside from primary muscle cells, which are difficult to obtain in large quantities, the mouse c2c12 cell line has been a commonly used in vitro model for muscle atrophy and hypertrophy studies. 1,2 c2c12 cells proliferate in the form of mononucleated myoblasts that later fuse and differentiate into polynucleated myotubes. once treated with hypertrophic stimuli, such as insulin growth factor 1 (igF-1), c2c12 myotubes become 10% to 100% thicker. 3 exposure to the glucocorticoid dexamethasone decreases myotube diameter by as much as 50%. 4 hence, changes in c2c12 cell diameter provide a physiologically relevant approach in identifying factors that cause atrophy and hypertrophy in vivo.
in the past, measuring myotube thickness in a highthroughput manner proved to be quite challenging for several reasons: (1) the extreme heterogeneity of the muscle cell population (including c2c12 cells), which represents a mixture of my-oblasts and myotubes; (2) differentiated myotubes form a confluent layer, which makes it difficult to estimate parameters of individual cells; and (3) most of the atrophy-or hypertrophy-induced changes in cell thickness are relatively small (less than twofold) and therefore hard to detect with low statistical error. although manual measurement of the 10% thickest or thinnest myotubes 3 helps to overcome some of these problems, it introduces bias in myotube selection and remains incompatible with high-or medium-throughput screening approaches. alternative quantitative methods for measuring cellular or tissue thickness require sophisticated and costly equipment, such as electron tomography, 5 optical coherence tomography, 6 or a confocal-based high-content screening. 7 in this article, we present two techniques designed to evaluate changes in myotube diameter applicable to both low-and highthroughput screening. the first method is a computer-based image analysis program that measures myotube diameter at each point along the length of identified myotubes in an image. analysis of the distribution of myotube diameters in response to treatment with hypertrophic or atrophy-inducing agents reveals that sensitive regions of the myotube thickness distribution can be used to develop unbiased assays of myotube diameter changes that are more sensitive than manual assessments. since image J is a freely available application from the national institutes of health (nih), the described approach enables every researcher to measure myotube thickness both in low-and high-throughput formats.
the second approach is based on measuring modulation in electrical impedance (same as resistance when direct current is applied) caused by atrophy-or hypertrophy-induced changes in cell adhesion in real time. the principle of this method was first reported by giaever and keese 8 in application to a cell proliferation assay. in this system, cells are cultured on an electrode array that is fabricated on a glass surface and embedded into the bottom of the 96-well plate (real-time cell electronic system [rt-ces] from acea Biosciences, inc., san Diego, ca). in operation, a 96-well plate is mounted to the device station and placed inside a co 2 incubator. electric cables connect the device to a computer, which analyzes changes in impedance every few minutes, depending on the program settings. the device has proven to be capable of measuring a wide range of cellular events, including toxicity, tyrosine kinase activation, and g protein stimulation as a function in cell adhesion. 9 here we show that changes in impedance detected more than 24 hours after treatment could be used as a biomarker of myotube thickness.
MAtErIALS And MEtHodS

Cell culture
c2c12 myoblasts (atcc crl-1772) were cultured and differentiated as previously described. 10 For computer-based image analysis, cells were differentiated for 3 days and fixed with 5% glutaraldehyde solution (Fisher scientific, Waltham, ma) for 20 min. cells were washed with phosphate buffer three times and stored at 4 °c. For impedance experiments, c2c12 myoblasts were plated on an electrode-containing plate (e-plate 96; roche applied science, indianapolis, in) and differentiated using the same methods as the cells that underwent image analysis. For confocal microscopy experiments, cells were plated on 35-mm glass bottom microwell dishes (mattek corporation, ashland, ma) at a density of 25 000 cells per plate and differentiated as described above. myotubes were treated with a germ agglutinin-alexa 488 (invitrogen/molecular probes, carlsbad, ca) at 1 µg/ml concentration for 20 min and washed three times with 2% horse serum Dulbecco's modified eagle's medium (Dmem) to remove excess dye.
Biochemicals
long r3 igF-1 human recombinant protein, rapamycin, and dexamethasone were purchased from sigma (st louis, mo).
Confocal microscopy
microscopy was performed using carl Zeiss laser scanning microscope lsm 510 (carl Zeiss ag, oberkochen, germany). three-dimensional time-lapsed images were collected serially with 40 images in the z-dimension spaced 1 micron apart every 60 min. the objective used an ec plan-neofluar 40×/0.75. the excitation wavelength of 488 was used. the emission filter used to collect the images was a Bp 500-550 ir. a pecon (erbach, germany) system for cell culture and microscopy was used to maintain temperature at 37 °c and co 2 at 5% with the incubator s designed for scanning stage microscope.
Computer-based image analysis
Digital images of cellular autofluorescence after glutaraldehyde fixation were obtained from a Zeiss axioVert 200m, using a rhodamine filter set (Zeiss filter set 31, Bp 565/30, Ft 585, Bp 620/60). at least 10 fields of view were obtained from each treatment condition. images were auto-contrast adjusted and saved as tiFF images for subsequent analysis in image J (nih, Bethesda, mD).
Electric impedance measurement
impedance measurements were taken using the xcelligence rtca system (roche applied science) instrument using the e-plates 96-well device from the same company. c2c12 cells were trypsinized and seeded on a 96-well plate at a density of 5000 cells per well in a volume of 0.2 ml. cells were allowed to proliferate and then differentiated as described earlier. 10 atrophy or hypertrophy stimulation reagents were applied in a volume of 30 µl without a media change to avoid sharp transient changes in the impedance readout. rapamycin was added 30 min prior to igF-1 treatment. the xcelligence rtca system software (version 1.0, roche applied science) was set such that the cell index value (which corresponds to electrical impedance) was measured every 1 h during c2c12 proliferation and differentiation and every 15 min after atrophy/hypertrophy induction. the resulting data were normalized to the impedance value for each well just prior to compound addition using the same software.
C2C12 morphological analysis using Image J computer program
We developed a computer-based automated program capable of measuring myotube width with low statistical error. c2c12 myoblasts were seeded into a 96-well plate at 5000 cells/well density, differentiated for 72 h, and fixed with 50% v/w glutaraldehyde for 20 min to allow imaging via autofluorescence. plates were washed three times with phosphate-buffered saline (pBs) and stored at 4 °c for image analysis.
rESuLtS
an automated image analysis macro was developed (see Supplemental Appendix 1) using the built-in functions of the freely available image analysis program, image J (version 1.33, http://rsbweb.nih.gov/ij/). the algorithm outline, shown in figure 1A , involves first applying a 3 × 3 smoothing filter twice to the original image. then a binary image is generated from the smoothed original image using the image J automatic threshold function, which is based on the isodata algorithm developed by ridler and calvard. 11 this is the most critical step of the algorithm, and it was tested to work well with our cell seeding densities, but alternative algorithms could be employed here, depending on the quality of images used and the density of cell seeding.
the binary image is then used to generate two separate images. the first image is a euclidian distance map, generated by replacing each foreground pixel in the binary image with a gray-scale value equal to that pixel's distance from the nearest background pixel. the resulting image looks like a relief map of a mountain range, with the peaks of the mountains located along the center, or medial axis, of the myotubes. the pixel values along this ridge are equivalent to half the diameter of the myotube at each point along the axis. extracting these values from the image is accomplished by applying the "skeletonize" function to the binary image to generate a binary image that only has foreground pixels identified along the medial axis of the myotubes. multiplying this image by the distance map image results in the "medial axis transform" (mat) image, which consists of zero-valued pixels everywhere except along the medial axis of the myotubes. along the medial axis of the myotubes, pixel values correspond to the half-thickness of the myotubes at each point. a histogram is then generated from the mat image to assess the distribution of myotube sizes within an image. the x-axis of the histogram corresponds to the half-width of the myotubes as measured in pixels, and the y-axis represents the number of pixels found in the image that correspond to the indicated myotube size. it is important to note that this histogram is not generated on a per myotube basis but on a per pixel basis. We export the histograms to microsoft excel or a similar program and normalize them to the total number of observations in each image. as implemented, this method does not provide for normalization based on the number of cells present, although one could devise a method to normalize by the number of nuclei present using additional fluorescent staining methods or more advanced imageprocessing routines.
changes in myotube diameter caused by either hypertrophy or atrophy are presented in figure 1B. since bins 1 to 15 represent primarily nondifferentiated myoblasts, there was little or no change in cellular morphology to any of the two stimuli. morphologically aberrant myotubes together with branches and overlapping cells fell into the bin category >45 and were also discredited for the width analysis. in contrast, the diameter of "thick" myotubes fell well within the 33-to 38-bin range and was included into consideration. our analysis demonstrates that bins 24 to 40 represent the most sensitive response region for myotube thickness measurement ( fig. 1c) . results presented in figure 1d ,E also demonstrate that within that bin range, the distance map program is more sensitive in detecting hypertrophy-driven changes in myotube diameter compared to a similar estimate completed manually. notably, this range could be quite different when applied to another cell type or even line of myotubes. however, the image J macro allows you to adjust this range easily without rewriting the entire program.
Because of the heterogeneity of the myotube distribution within a well, we determined that at least six independent images of myotubes affected by the same treatment were required to obtain statistically reliable thickness data. to calculate this number, we took 20 independent images of c2c12 myotubes treated with 100 nm igF-1 and estimated the fold difference in cell thickness for each of them. compounded analysis of six to seven images was no different than similar data obtained from 20 images (data not shown).
however capable and sensitive the distance map program is, the program could measure changes in myotube width only at a single time point when cells were fixed. progress in myotube size detection prompted the following questions: how early after the treatment does myotube hypertrophy and atrophy start? at what time point (after the treatment application) does myotube morphology change become the largest? to determine a time course of hypertrophy, differentiated c2c12 myotubes were treated with 10 nm igF-1 and fixed with glutaraldehyde at various time points. Distance map analysis shows that myotube hypertrophy was detected 26 h after stimulation and was maximal in 48 h ( fig. 2A) . similar results were obtained when changes in myotube diameter were measured directly using confocal microscopy ( fig. 2B,c) . thus, success in measuring myotube thickness using the distance map program heavily depends on choosing particular times when changes in myotube diameter are most significant.
measuring changes in cellular morphology via real-time cellular analysis (rtca) might solve this problem, as the electric impedance signal measured by the xcelligence system (represented as a cell index value) should vary as a function of myotube thickness. a control treatment with 5% ethanol killed all cells within minutes and decreased the cell index dramatically to a minimum value similar to other toxic compounds described earlier 9 (fig. 3A,f) . Dexamethasone treatment caused a 20% decrease in normalized cell index, consistent with a decrease in myotube width detected by a distance map program ( fig. 4A,d,E) . igF-1-driven hypertrophy increased cell index by a similar factor, which was also consistent with diameter changes detected by the distance map program ( fig. 4A-c) . in all of the experiments, impedance measurements were completed on a glass plate covered with gold electrodes specifically designed for the xcelligence system instrument (e-plate 96). this plate is not applicable for the distance map program because of the optical interference of the gold electrodes. to overcome that, distance map computer-based thickness measurements were completed with an identical set of c2c12 cells plated on a regular plastic 96-well plate. to test if the myotube morphological responses to these treatments depend on the particular plate surface, dexamethasone-induced c2c12 atrophy was compared in both plastic and e-plates. in both experiments, c2c12 cells displayed approximately 30% atrophy regardless of the plate surface composition (data not shown).
next we compared relative sensitivity of the impedance modulation versus distance map width measurement. cell index measured 24 h after dexamethasone treatment decreased by 10%, which was comparable to the distance map program estimate ( fig. 4A,d,E) . on the basis of these data, the rtca software calculated an ic 50 of 31 µm for dexamethasone-induced atrophy (data not shown), which is comparable with the literature. 4 notably, this ic 50 estimate is an approximation due to the high toxicity of the dexamethasone/Dmso solution when applied at concentrations higher than 100 µm for periods longer than 20 h. We also tested relative responsiveness of impedance changes to igF-1-induced myotube hypertrophy ( fig. 4, A,B,c) . consistent with the literature, 12 dose dependence of the myotube hypertrophy upon concentration of igF-1 has a bell-shaped dependence when estimated either with a computer-based program (top) or by changes in cell index (bottom). impedance changes show a statistically significant difference even at a lowest concentration of igF-1. taken together, these data demonstrate that modulation of impedance could be successfully used for a dose-dependent titration of either atrophy or hypertrophy-inducing compounds with automated calculation of the ic 50 value for compound ranking and show similar sensitivity compared to the distance map program estimate.
We have also tested a broad spectrum of compounds inducing morphological changes in myotube diameter, including licl, which induces stronger hypertrophy than igF-1. 13 all of those showed remarkable correlation between changes in myotube thickness and cell index, including the relative potency of the compounds tested, provided that overall myotube morphology was not compromised due to compound toxicity or any other fac-tor. if this correlation is real, then blocking myotube hypertrophy mediated by the mtor/pakt pathway should also prevent cell index increase. to answer this question, we pretreated differentiated myotubes with mtor inhibitor rapamycin 30 min prior to hypertrophy induction with igF-1. Both impedance-based and distance map-based methods of thickness evaluation confirm that rapamycin partially prevented myotube hypertrophy and that inhibition was statistically significant ( fig. 5A-c) . impedance modulation could be also quite helpful in monitoring the extent of c2c12 myotube differentiation ( fig. 6) . since myoblasts do not respond to either igF-1 or dexamethasone stimuli, the degree of cellular differentiation determines the overall cellular responsiveness to either atrophy or hypertrophy. monitoring changes in cell index could be used as a myotube "quality control" check in standardization of cell morphologybased screening experiments. dIScuSSIon molecular mechanisms regulating muscle atrophy and hypertrophy are quite complex and involve numerous pathways. 14, 15 using particular molecular events such as activation of an enzyme a or phosphorylation of a substrate B as a screening readout introduces considerable bias in a compound selection and confines identified hits to inhibition of one specific pathway. in contrast, monitoring myotube thickness is the most physiologic readout and is not biased toward any particular pathway.
in this article, we propose two novel methods that can be used for monitoring myotube diameter changes in both a lowand high-throughput setting. the automated image analysis is based on the image J program, which can be easily installed on most computers. image processing takes no longer than a few seconds per frame. glutaraldehyde-induced autofluorescence was chosen as the most robust and simple cell-staining technique applicable to high-throughput screening with minimal washing procedures and maximal resolution contrast. Vital cellular stains, antibody-coupled fluorescence, or green fluorescent protein staining could also be used as alternative fluorescent contrast agents. however, these methods either require a much longer time for staining or a virus-mediated transfection or were found to lack the contrast needed for efficient myotube segmentation in these studies. We have optimized the seeding density for c2c12 cells so that the outer membrane of each individual myotube is clearly visible and does not merge with adjacent cells.
one can further enhance the sensitivity of the method by choosing "median" versus "mean" or reducing the particular bin range of thickness measurements used for analysis. this technique is quite robust and is potentially applicable to a variety of cells but requires cell fixation and imaging. measuring changes in cell adhesion as a function of cell thickness in real time is a great advantage of the second approach. the molecular mechanisms driving changes in myotube adhesion are quite complex 16 and likely involve both reversible transient short-term (0-20 h) components due to g-protein-coupled receptor (gpcr) activation 17 and relatively stable long-term (>20 h) components, as indicated by the immediate changes in cell index after compound addition ( fig. 5A) . it will be of interest to investigate the molecular mechanism of these changes. We have studied changes in c2c12 diameter caused by igF-1-driven hypertrophy, which peaks at 20 to 48 h after fig. 2A) or directly by confocal microscopy (fig. 2B ) completed on live myotubes in real time. Within that period of time, changes in myotube thickness correlate perfectly with modulation of cell index or impedance ( fig. 4B-E and fig. 5B,c) . Furthermore, rapamycin-induced inhibition of igF-1-induced hypertrophy in c2c12 cells also decreased impedance, indicating a direct relationship between cell thickness and impedance. the partial nature of impedance inhibition might be explained by incomplete blocking of the igF-1 signaling pathway exclusively via mtor. For example, igF-1 promotes akt phosphorylation, which, along with mtor, regulates transcriptional factor FoXo responsible for control over protein degradation via ubiquitin-mediated degradation. 14 hence, modulation of impedance at 20 to 48 h after treatment may be used as a biomarker of myotube thickness.
in summary, our proposed two methods nicely complement each other. although impedance modulation could be completed in real time and be more sensitive to myotube diameter changes than the distance map program, some treatments (such as 5% ethanol) could cause significant alterations in overall cell morphology, including cell death. the combination of cell index monitoring with optical methods might help avoid these false-positive results and provide an unbiased and physiologically relevant approach in compound screening. application of the proposed two methods is not limited to the study of muscle cells only. cardiomyocyte hypertrophy could also be assessed via both of these techniques (unpublished data). Both of these approaches could be used in the analysis of neurite outgrowth or estimate of synapse formation in primary neuronal culture. in general, the combination of these two methods could be used for monitoring morphology changes of any cells, regardless of their origin. the combination of the two assays should be feasible in a single plate with the introduction of a version of the e-plate with an area lacking the partially opaque gold electrodes to facilitate imaging. it is conceivable that the combination of an upright microscope with an impedance monitoring technology such as the xcelligence system could expand the scope of currently available applications and create a powerful label-free system for morphology-based cell screening.
